Abstract-An axial-mode helical antenna backed by a perfect electric conductor (PEC reflector) is optimized to radiate a circularly polarized (CP) wave, using the finite-difference time-domain method (FDTDM). After the optimization, the PEC reflector is replaced with a corrugated reflector. The effects of the corrugated reflector on the current distribution along the helical arm and the radiation pattern are investigated. A reduction in the backward radiation is attributed to the reduction in the current flowing over the rear surface of the corrugated reflector. A spiral antenna backed by a PEC reflector of finite extent is also analyzed using the FDTDM. As the antenna height decreases, the reverse current toward the feed point increases, resulting in deterioration of the axial ratio. To overcome this deterioration, the PEC reflector is replaced with an electromagnetic band-gap (EBG) reflector composed of mushroom-like elements. Analysis reveals that the spiral radiates a CP wave even when the spiral is located close to the reflector (0.06 wavelength above the EBG surface). The input impedance for the EBG reflector is more stable over a wide frequency band than that for the PEC reflector.
I. INTRODUCTION
T HIS PAPER presents two antennas: one is a helical antenna and the other a spiral antenna. The basic radiation characteristics of these antennas have already been experimentally and theoretically investigated [1] - [4] and it has been revealed that the radiation characteristics from these antennas depend on their respective circumferences.
When a helical arm is wound on a virtual cylinder of a onewavelength circumference (for a given design frequency), the helix radiates a circularly polarized (CP) wave in the direction of the antenna axis. This is called axial-mode radiation [1] . Note that a perfect electric conductor (PEC) backs the helix to obtain such axial-mode radiation. Also, note that, as the size of the PEC plane (which acts as a reflector) decreases, the backward radiation increases [2] .
The circumference of a spiral antenna must be more than one wavelength at the design frequency to radiate a CP wave. The spiral is often backed by a PEC reflector, which changes the inherent bi-directional radiation beam to a unidirectional beam. Conventionally, the antenna height (the distance between the spiral and the PEC plane) is chosen to be one-quarter wavelength. It has already been revealed that, as the frequency decreases from the design frequency, the axial ratio deteriorates [4] . Recently, new antenna structures have been investigated, in which the conventional PEC reflector is replaced with other types of reflectors: corrugated reflectors [5] , [6] and electromagnetic band-gap (EBG) reflectors [7] - [11] . For example, a circular corrugated reflector and a perforated EBG reflector (a dielectric substrate drilled with a triangular lattice of circular holes) have been applied to a round helical antenna [5] , [6] and an equiangular spiral antenna [11] , respectively. The experimental results show that these reflectors are useful in improving the radiation characteristics. However, little data based on theoretical analysis of the helical and spiral antennas with these reflectors are currently available.
In light of this fact, we deal with corrugated and EBG reflectors using theoretical techniques based on the finite-difference time-domain method (FDTDM) [12] . The FDTDM in this paper is formulated using rectangular parallelepiped cells. For easy implementation of the FDTDM, we let the helical and corrugated structures be square, as shown in Fig. 2 . Similarly, we let the spiral be square, and adopt an EBG reflector composed of square mushroom-like patches, as shown in Fig. 12 .
In Section II, first, the configuration parameters required for a helical antenna backed by a flat PEC reflector to act as an axial-mode CP radiation element are considered. Optimization for a CP wave radiation element is performed using an infinitesimally thin PEC reflector of infinite extent and, later, a thick PEC reflector of finite extent (finite-sized PEC reflector). Note that the helix with the finite-sized PEC reflector is used as a reference helical antenna in this paper.
Second, the finite-sized PEC reflector of the reference helical antenna is transformed to a corrugated reflector. The radiation characteristics of the helix backed by the corrugated reflector are analyzed and discussed. The current flowing over the rear surface of the corrugated reflector is compared with that of the finite-sized PEC reflector. It is found that the corrugated reflector contributes to reduction in the backward radiation.
0018-926X/$20.00 © 2005 IEEE In Section III, first, a spiral antenna backed by a PEC reflector is analyzed. This spiral antenna is referred to as a PEC spiral antenna. The PEC spiral has an outermost peripheral length of more than one wavelength but less than two wavelengths. This peripheral length is the length required to support first mode CP radiation [3] . The PEC spiral is optimized to radiate a CP wave at an antenna height of one-quarter wavelength. The analysis reveals that, as the antenna height decreases from one-quarter wavelength, the cross-polarization component increases.
Second, the PEC reflector for the spiral is replaced with an EBG reflector composed of mushroom-like elements [8] - [10] . The spiral backed by the mushroom-like EBG reflector (M-EBG reflector) is referred to as an M-EBG spiral antenna in this paper. The analysis of the M-EBG spiral is performed for a small antenna height: the distance between the spiral and the M-EBG surface is 0.06 wavelength. It is revealed that the use of the M-EBG reflector reduces the cross-polarization component. In other words, the spiral radiates a CP wave with a small antenna height with the help of the M-EBG reflector.
Throughout this paper, the analysis is performed using FDTDM computer programs developed by the authors. Some of the FDTDM results are compared with those obtained by experiments.
II. HELICAL ANTENNAS
In this section, two types of conducting reflectors are used to back a helical arm: one is a flat PEC reflector and the other is a corrugated reflector. A comparison between the radiation patterns for these two reflectors reveals that the corrugated reflector is a useful tool in reducing the backward radiation. Note that the comparison is performed under the condition that both the reflectors are finite and have the same size.
A. Helical Antenna Above a Flat PEC Reflector (Determination of a Reference Helical Antenna)
For analysis, we use the FDTDM based on Yee's cells, with each rectangular parallelepiped having side lengths , and
. If the FDTDM is applied to a curved helical arm, numerical error results from the staircase approximation of the curved arm. To avoid this error, we adopt a square helical arm. (For this same reason, all antennas and reflectors treated in this paper are based on square or rectangular structures.)
The cell side lengths used in this paper are between and ( being wavelength). These cell side lengths and the time step satisfy Courant's condition [12] for stability of the FDTDM. The analysis space is truncated with Liao's secondorder absorbing boundary condition [13] . Based on the electric and magnetic fields obtained using the FDTDM, we calculate the antenna characteristics, including the radiation pattern, axial ratio, input impedance, and gain [14] . Fig. 1 shows the configuration of a helical antenna above a flat PEC reflector. The helix is specified by the virtual circumference , first vertical length , pitch (the distance from points a to b), and arm length . The helix is excited from feed point . The flat PEC reflector (ground plane) is square and is specified by the side length and thickness . To obtain a CP axial-beam, the virtual circumference 4s is chosen to be one wavelength at a test frequency of 3 GHz ( , with being the free-space wavelength at 3 GHz). The first vertical length and pitch are arbitrarily chosen to be and , respectively. The helical arm length , side length , and thickness are varied subject to the objectives of the analysis, holding the major helix parameters at . The analysis in [15] reveals that a long axial-mode helix has two distinct arm regions: an arm region between the feed point and the current minimum point (approximately the first two turns near the feed point), and the remaining arm region. The former and latter, respectively, act as a CP wave exciter and a CP wave director. This means that CP wave radiation is obtained with a relatively small arm length (corresponding to a small number of turns [16] ).
We start with optimization of the helical arm length to obtain CP wave radiation. The optimization is performed under the conditions that the flat PEC reflector has an infinite side length and is infinitesimally thin . It is found that a CP wave is obtained at , which forms an approximately two-turn arm. Based on this result, the helical arm parameters are fixed to be . Next, the side length of the flat PEC reflector, , is varied for a helix with the configuration parameters HLX (the HLX helix), holding the reflector thickness at (infinitesimally thin). The current induced on this finite-sized flat PEC reflector affects the antenna characteristics. The analysis shows that the gain varies with the reflector size, showing the maximum gain at . Based on this result, we fix the side length to be . Finally, the thickness of the flat PEC reflector, , is varied for the HLX helix, holding the side length of the reflector at , that is, . The analysis shows that the effect of the thickness on the gain and axial ratio is not significant. To corrugate the flat PEC reflector, which is used in Section II-B, we choose the reflector thickness to be more than one-quarter wavelength:
. Note that the HLX helix backed by a flat PEC reflector of is designated as the reference helical antenna for the following discussion.
B. Helical Antenna Above a Corrugated Reflector
A corrugated structure composed of -directed ridges and slots (cut into a metal slab, whose top surface coincides with the plane of the rectangular coordinate system) has the following characteristics [8] : 1) if there are many slots per wavelength, the structure can be assigned an effective surface impedance equal to the impedance of the slots; 2) if the slot depth is greater than one-quarter wavelength, the surface impedance is capacitive, and TM surface waves cannot exist; that is, TM surface waves do not propagate in the direction.
We transform the aforementioned one-directional corrugated structure ( -directed ridges and slots) to a coaxial corrugated structure. Fig. 2 shows such a structure, where the PEC reflector of the reference helical antenna is coaxially corrugated. The corrugation is specified by the conductor width (ridge width)
, slot width (groove width) , and depth . Note that the shape of helix remains unchanged, having the configuration parameters HLX determined in Section II-A above, that is, . The corrugation depth affects the current distribution along the helical arm. Fig. 3 shows the current distribution as a function of , where the conductor width and slot width are fixed to be . It is found that there is a depth at which a traveling wave current with a smooth decay along the helical arm is obtained, as shown in Fig. 3(c) , where . The radiation pattern for a corrugation depth of (for which the current distribution shown in Fig. 3(c) is obtained) is presented in Fig. 4(c) , together with the patterns for and (for which the current distributions shown in Fig. 3(a) and (b) are obtained, respectively) . Each radiation field is decomposed into a right-hand CP wave component and a left-hand CP wave component . It is found that the helix with has the smallest cross-polarization component and backward radiation (in the negative direction) of the three helices. For confirmation, the experimental results are presented in Fig. 4(c) . The experimental results are in good agreement with the theoretical results. The backward radiation is closely related to the currents induced over the reflector surface. A detailed investigation reveals that the currents on the corrugated reflector with are concentrated on the ridges near the helix. It follows that the currents flowing toward the rear surface (at ) of the corrugated reflector are small. Fig. 5 shows a comparison between the theoretical current densities (each expressed by , where ) over the rear surfaces of the flat PEC and the corrugated reflectors. It is clear that the current density over the rear surface of the corrugated reflector is smaller than that of the flat PEC reflector. In other words, the corrugation suppresses the current flowing toward the rear surface of the reflector, resulting in a reduction in the backward radiation.
So far, we have discussed the antenna characteristics using a test frequency of 3 GHz. Next, we consider the frequency response, focusing on the HLX helix backed by a corrugated reflector of . The analysis over a frequency band of 3 to 3.3 GHz (9.5% bandwidth) reveals that the backward radiation for the corrugated reflector is always smaller than that for the flat PEC reflector (see Fig. 4(a) and (c) at 3 GHz and Fig. 6 ). Within this frequency band, the gain for a right-hand CP wave is approximately 9 dBi and the input impedance is relatively constant, as shown in Fig. 7 . Note that the theoretical radiation patterns and input impedance for the HLX helix backed by a corrugated 
III. SPIRAL ANTENNAS
A PEC reflector is often used with a spiral antenna to radiate a uni-directional beam. Effects of reducing the antenna height (the distance between the spiral and the PEC plane) on the radiation characteristics are discussed in Section III-A below. The degraded radiation beam for a small antenna height, described in Section III-A, is restored to a desirable unidirectional CP radiation beam in Section III-B, where a mushroom-like EBG reflector (M-EBG reflector) is used. Fig. 8 shows a spiral antenna backed by an infinitesimally thin flat PEC reflector, where the distance between the spiral and the PEC plane is denoted by . The spiral in Fig. 8 is referred to as a PEC spiral antenna in this paper.
A. Spiral Antenna Above a Flat PEC Reflector (PEC Spiral Antenna)
The spiral has two arms of width , each being composed of elements. The element lengths are: (first element length) and for . The peripheral length , defined by , is chosen to be with and , where is the wavelength at a test frequency of 6 GHz. This spiral supports first mode radiation at 6 GHz [3] . Fig. 9 shows the radiation pattern of the PEC spiral, where the antenna heights in Fig. 9(a) and (b) are chosen to be and , respectively, and the sizes of the flat PEC reflectors for Fig. 9 (a) and (b) are the same ( , where ). As seen from Fig. 9(a) , the spiral radiates a CP wave at , as desired. The cross-polarization component is small and the axial ratio (AR) in the direction is calculated to be 0.6 dB. In other words, the spiral is optimized to radiate a CP wave. It is, however, noted that this desired CP radiation deteriorates when the antenna height is made smaller than one-quarter wavelength, as shown in Fig. 9(b) , where the axial ratio in the -axis direction is undesirably high: 11.3 dB. The high axial ratio is due to an increased reverse current flowing toward the feed point. Note that the reverse current generates a cross-polarization component (left-hand CP wave component ). The deteriorated axial ratio must be improved for the spiral to operate as a CP antenna. For this, the flat PEC reflector is replaced with an M-EBG reflector in the following section.
B. Spiral Antenna Above an M-EBG Reflector (M-EBG Spiral Antenna)
As shown in Fig. 10 , the M-EBG reflector used in this section consists of mushroom-like elements [8] - [10] , composed of numerous patches, each being connected to a bottom conducting plate (ground plate) using a conducting pin [8] - [10] . The patch, printed on a dielectric substrate of relative permittivity , is square with side length . The conducting pin is located at the center of the patch. The thickness of the M-EBG reflector (i.e., the pin length) is denoted by . The numbers of patches in the and directions are and , respectively, and the space between the neighboring patches is denoted by . Interaction between an electromagnetic incident plane wave and the M-EBG reflector yields a capacitance C and an inductance L: the proximity of the neighboring patches creates capacitance, while the currents flowing between the top patches and the bottom plate through the conducting pins creates inductance. The surface impedance of the M-EBG reflector is modeled by a parallel resonant circuit (with impedance ) [8] . The impedance is high around the resonant frequency and an incident plane wave is reflected in-phase, rather than out-of-phase. This means that the M-EBG reflector behaves similarly to a perfect magnetic conductor (PMC).
We design the M-EBG reflector such that it resonates at 6 GHz (the test frequency used in the previous Section III-A) using and . Fig. 11 shows the reflection phase when an electromagnetic plane wave illuminates the M-EBG reflector, where is defined as the phase of the reflected electric field at the reflecting surface. As seen from this figure, the M-EBG reflector has a reflection phase of at 6 GHz, realizing the characteristic of a PMC. Note that is obtained under the condition that the number of patches is . Also, note that the authors' computer programs are able to reproduce Fig. 5 in [9] , thereby confirming the correctness of the authors' computer programs.
Next, we counteract the deterioration in the radiation shown in Fig. 9(b) to restore the CP wave radiation, while leaving the spiral configuration parameters unchanged. This is performed by replacing the flat PEC reflector in Fig. 8 with the M-EBG reflector, as shown in Fig. 12 . The spiral backed by the M-EBG reflector is hereafter referred to as the M-EBG spiral antenna, which contrasts with the PEC spiral antenna in Section III-A above.
The current along the M-EBG spiral arms and the image current (parallel to the M-EBG reflector surface) at 6 GHz are in-phase. This allows us to lower the antenna height. We locate the radiation elements (antenna arms) of the M-EBG spiral at the same height from the ground plate) as those of the PEC spiral described in Section III-A. It should be noted that the distance from the M-EBG reflector surface to the radiation elements, , is very small: . Also, note that the M-EBG reflector has the same side length as the conducting plate used for the PEC spiral: 
with
. Thus, the M-EBG spiral and the PEC spiral can be fairly compared. Fig. 13 shows the theoretical radiation pattern of the M-EBG spiral antenna at 6 GHz, together with experimental results. We can see clearly from this figure that CP radiation has been restored for the M-EBG spiral, while maintaining a small antenna height of . The theoretical axial ratio is approximately 1.2 dB in the direction. The restoration of CP radiation is attributed to the fact that the current on each spiral arm is a traveling wave with smooth decay, as shown in Fig. 14(a) , in contrast with the current of the PEC spiral, shown in Fig. 14(b) , which does not decay.
So far, the radiation characteristics at 6 GHz have been discussed. Now we investigate the frequency response of the M-EBG spiral in the vicinity of 6 GHz. Fig. 15 shows the theoretical axial ratio in the direction as a function of frequency (the experimental axial ratio is also presented in this figure) . The bandwidth for a 3-dB axial ratio criterion is calculated to be 11%. Detailed investigation shows that, as the frequency is increased in the 3-dB axial ratio bandwidth, the half-power beam width (HPBW) increases. It follows that the gain decreases, as shown in Fig. 16 . (Note that the theoretical and experimental gains in Fig. 16 are in good agreement.) The theoretical gain variation is 4.1 dB within an axial ratio bandwidth of 11%. 
IV. CONCLUSION
Helical and spiral antennas backed by corrugated and M-EBG reflectors, respectively, have been investigated after optimizing both the antennas' configurations in the presence of flat PEC reflectors.
The helical antenna, whose virtual circumference is given as , has been analyzed under the condition that a flat square PEC reflector of side length backs the helix. It is found that the gain varies with the PEC reflector size, showing maximum gain at . It is also found that the effects of the thickness of the finite-sized PEC reflector (of ) on the gain and axial ratio are not significant. Based on these results, a flat PEC reflector with and is transformed to a corrugated reflector for backing the same helix. A comparison between the currents over the rear surfaces of the corrugated and flat PEC reflectors reveals that the corrugated reflector contributes to reduction in the backward radiation.
A spiral antenna, whose peripheral length is more than one wavelength, but less than two wavelengths, is optimized for first-mode CP radiation in the presence of a flat finite PEC reflector. The optimization is performed for an antenna height of one-quarter wavelength. As the antenna height decreases, the axial ratio for the spiral deteriorates. Improvement in the axial ratio at a lower antenna height is investigated using a spiral backed by an M-EBG reflector. For this investigation, a representative antenna height of (the distance from the M-EBG surface to the spiral is extremely small: ) is used. It is found that the spiral backed by the M-EBG reflector radiates a CP wave, as desired. It is also revealed that the input impedance for the M-EBG reflector is more stable over a wide frequency band than that for the PEC reflector.
